Introduction
============

Being a step- and atom-economical process *via* C--H functionalization, the oxidative cross coupling reaction is of great value in modern organic synthesis.^[@cit1]^ Among the different types, the oxidative coupling of two enolates is a powerful route to 1,4-dicarbonyl compounds, which has been well established.^[@cit2]^ However, to the best of our knowledge, the oxidative cross coupling of homoenolate and enolate remains unexplored but is very useful for 1,5-dicarbonyl and related compounds.

Initiated half century ago,^[@cit3]^ N-heterocyclic carbene (NHC) catalysis has witnessed great success in recent years.^[@cit4]^ In 2004, Bode *et al.* and Glorius *et al.* reported the elegant NHC-catalyzed reaction of enals involving homoenolate as the key intermediate ([Scheme 1](#sch1){ref-type="fig"}, reaction a).^[@cit5]^ The homoenolate intermediate could be oxidized to give α,β-unsaturated acyl azolium, which worked as a versatile 1,3-biselectrophile ([Scheme 1](#sch1){ref-type="fig"}, reaction b).^[@cit6]^ Single electron oxidation could open new ways for organic reactions. In 2008, Studer *et al.* ^[@cit7]^ reported the NHC-catalyzed conversion of enals to esters using TEMPO as a single-electron oxidant ([Scheme 1](#sch1){ref-type="fig"}, reaction c). During our investigation of this work, the single electron oxidation of the homoenolate was pioneered by Rovis *et al.* ^[@cit8]^ and Chi *et al.* ^[@cit9]^ ([Scheme 1](#sch1){ref-type="fig"}, reaction d). The oxidative homo and cross-coupling of the two homoenolates was established by Rovis *et al.* ([Scheme 1](#sch1){ref-type="fig"}, reaction e).^[@cit10]^ In this paper, we demonstrated that the challenge of the cross-coupling of homoenolate and enolate was solved well when a proper oxidant and proper enolates were employed ([Scheme 1](#sch1){ref-type="fig"}, reaction f).

![Oxidative NHC-catalyzed transformations of enals.](c6sc04135c-s1){#sch1}

Spirooxindole plays a valuable role in the synthesis of biologically active natural products and pharmaceuticals.^[@cit11]^ Therefore, its direct and catalytic asymmetric construction is especially attractive. Recently, several catalytic asymmetric approaches have been demonstrated as an efficient method for the synthesis of spirooxindole bearing β-aryl-substituted lactones.^[@cit12]--[@cit14]^ However, the corresponding spirooxindole with β-alkyl-substituted lactones failed due to substrate-scope limitations, and/or low yield, diastereo- and enantioselectivities.

The enolate of dioxindole and its radical intermediate^[@cit13],[@cit15]^ are readily available, and have been widely applied for the synthesis of pharmaceuticals and bioactive natural products with an indole motif.^[@cit16]^ We envisioned that the oxidative cross-coupling of the enolate of dioxindole and the homoenolate from enal would be a solution for the \[3 + 2\] annulation of dioxindole and alkylenals.

Results and discussion
======================

The model reaction of dioxindole and alkylenal was carried out under NHC catalysis in the presence of nitrobenzene as a single electron oxidant ([Table 1](#tab1){ref-type="table"}).^[@cit17]^ It was found that the reaction catalysed by triazolium preNHC **A** gave the desired product **3aa** in good yield with exclusive diastereoselectivity but very low enantioselectivity (entry 1). The mixed base of DBU and DABCO resulted in high yield but no improvement of the enantioselectivity (entry 2). The preNHCs **B1--B2** derived from [l]{.smallcaps}-pyroglutamic acid were then tested.^[@cit18]^ We were encouraged to find that preNHC **B1** with trimethylsilyl ether resulted in better enantioselectivity albeit with decreased yield (entry 3). The yield and enantioselectivity were improved when NHC **B2** with a free hydroxyl group was used (entry 4), possibly owing to the H-bonding between the hydroxyl and the enal. Interestingly, excellent enantioselectivity was reached without compensation of the yield and diastereoselectivity when DABCO was used as the base instead of the mixed base (entry 5). Some increase of the yield was observed when the oxidant was slowly added (entry 6). It should be noted that no reaction was observed for the reaction in the absence of nitrobenzene (entry 7).

###### Optimization of reaction conditions for alkylenal

  ![](c6sc04135c-u1.jpg){#ugr1}                                                                                        
  ----------------------------------------- -------- ------------------------------------------------- ---- ---------- -----
  1                                         **A**    DABCO                                             58   \>20 : 1   5
  2                                         **A**    DBU/DABCO[^*d*^](#tab1fnd){ref-type="table-fn"}   97   \>20 : 1   5
  3                                         **B1**   DBU/DABCO[^*d*^](#tab1fnd){ref-type="table-fn"}   45   \>20 : 1   35
  4                                         **B2**   DBU/DABCO[^*d*^](#tab1fnd){ref-type="table-fn"}   71   \>20 : 1   73
  5                                         **B2**   DABCO                                             72   \>20 : 1   95
  6[^*e*^](#tab1fne){ref-type="table-fn"}   **B2**   DABCO                                             77   \>20 : 1   95
  7[^*f*^](#tab1fnf){ref-type="table-fn"}   **B2**   DABCO                                             NR   ---        ---

^*a*^Isolated yield of the mixture of two diastereoisomers.

^*b*^Determined by ^1^H NMR (400 MHz) spectroscopy of the raw product.

^*c*^Determined by HPLC using a chiral stationary phase.

^*d*^DBU (0.2 equiv.) and DABCO (1.0 equiv.).

^*e*^The oxidant was slowly added over 30 minutes.

^*f*^No nitrobenzene was added.

The scope of oxidative \[3 + 2\] annulation with alkylenals was then briefly investigated under the optimized conditions ([Table 2](#tab2){ref-type="table"}). Both enals with β-*n*-ethyl and *n*-propyl reacted well with dioxindole to give the desired annulation products in good yields with high enantioselectivities (**3aa** ^[@cit19]^ and **3ba**). The reactions of enals with a longer alkyl chain were also successful (**3ca** and **3da**). Dioxindoles with different substituents (4-Br, 5-MeO, 6-Br) all reacted well with alkylenals to give the annulation products (**3ab**, **3cb**, **3ac** and **3ad**) in high yields with good enantioselectivities. It is noteworthy that the β-alkenylenal **1e** also worked well with both *N*-benzyl and *N*-hydrogen dioxindoles (**2a** and **2a′**), giving the annulation products **3ea** and **3ea′** in good yield with high enantio- and diastereoselectivities.

###### Enantioselective oxidative \[3 + 2\] annulation of alkylenals

  -------------------------------
  ![](c6sc04135c-u2.jpg){#ugr2}
  -------------------------------

The oxidative \[3 + 2\] annulation of dioxindole and arylenal was then explored under different conditions ([Table 3](#tab3){ref-type="table"}). Interestingly, the reaction catalyzed by the tetracyclic NHC precursor **A** gave the desired product **3fa** in good yield with moderate diastereo- and enantioselectivity (entry 1), while only a trace amount of **3fa** was observed when the NHC precursor **B2** was used (entry 2). The different reactivity may be caused by the increased stability of the arylenals and their homoenol radical compared to the alkyl ones. Thus the more nucleophilic and less sterically hindered NHC presusor **A** performed much better than precursor **B** for the less reactive arylenals. The screening of bases revealed that DBU offered the best yield, while DABCO resulted in better diastereo-and enantioselectivity (entries 2--5). Thus, the mixed base of DBU and DABCO was then used, which gave the product in 70% yield with 8 : 1 dr and 91% ee (entry 6). Several single electron oxidants other than nitrobenzene were also investigated, but showed no better results. Further improvement was realized when 4 Å molecular sieves were added as the additive (entry 7).

###### Optimization of reaction conditions for aryl enal **1f**

  ![](c6sc04135c-u3.jpg){#ugr3}                                                                                         
  ----------------------------------------- -------- ------------------------------------------------- ------- -------- -----
  1                                         **A**    DBU                                               68      3 : 1    76
  2                                         **B2**   DBU                                               Trace   ---      ---
  3                                         **A**    DABCO                                             32      10 : 1   81
  4                                         **A**    Cs~2~CO~3~                                        56      7 : 1    75
  5                                         **A**    DIPEA                                             31      5 : 1    59
  6                                         **A**    DBU/DABCO[^*d*^](#tab3fnd){ref-type="table-fn"}   70      8 : 1    91
  7[^*e*^](#tab3fne){ref-type="table-fn"}   **A**    DBU/DABCO[^*d*^](#tab3fnd){ref-type="table-fn"}   78      8 : 1    95

^*a*^Isolated yield of the mixture of two diastereoisomers.

^*b*^Determined by ^1^H NMR (400 MHz) spectroscopy of the raw product.

^*c*^Determined by HPLC using a chiral stationary phase.

^*d*^DBU (0.2 equiv.) and DABCO (1.0 equiv.).

^*e*^4 Å molecular sieves were added.

With the optimized conditions in hand, the scope of dioxindoles with various groups was briefly investigated ([Table 4](#tab4){ref-type="table"}). The reaction of dioxindole with substituents at different positions (Ar = 4-BrC~6~H~3~, 5-MeOC~6~H~3~ and 6-BrC~6~H~3~) was well tolerated and gave the corresponding spirooxindole-γ-lactones in good yields with good diastereoselectivities and high enantioselectivities (**3fb**, **3fc** and **3fd**). Both enals with electron-donating (Ar = 4-MeOC~6~H~4~ and 4-MeC~6~H~4~) and electron-withdrawing groups (Ar = 4-FC~6~H~4~, 4-ClC~6~H~4~, 4-BrC~6~H~4~ and 4-NO~2~C~6~H~4~) worked well to afford the desired product in high yields with good to excellent enantioselectivities (**3ga--3la**). Both cinnamaldehydes with a *meta*-substituent (Ar = 3-ClC~6~H~4~) and *ortho*-substituent (Ar = 2-ClC~6~H~4~) worked well (**3ma** and **3na**). The reaction of an enal with a 2-furyl group was also successful and provided the product in 89% yield with 20 : 1 dr and 90% ee (**3oa**).

###### Enantioselective oxidative \[3 + 2\] annulation of arylenals

  -------------------------------
  ![](c6sc04135c-u4.jpg){#ugr4}
  -------------------------------

The (2*S*,3*R*)-configuration of annulation product **3fb** ^[@cit20]^ was determined by the X-ray analysis of its crystal.

A series of control experiments were carried out to clarify the possible reaction pathways ([Schemes 2--4](#sch2 sch3 sch4){ref-type="fig"}). Pathway A, involving the oxidation of dioxindole to isatin followed by annulation with enals was ruled out by the control experiment in which the oxidation of dioxindole **2a′** under the reaction conditions gave only a trace amount of isatin but a majority amount of isatide *via* homocoupling of the radical of dioxindole ([Scheme 2](#sch2){ref-type="fig"}, reaction a).^[@cit14],[@cit15]^ The formation of isatide was found to be not reversible ([Scheme 2](#sch2){ref-type="fig"}, reaction b).

![Ruled out pathway A by control experiments.](c6sc04135c-s2){#sch2}

![Ruled out pathway B by control experiments.](c6sc04135c-s3){#sch3}

![The electron paramagnetic resonance (EPR) spectra.](c6sc04135c-s4){#sch4}

Pathway B involves the two electron oxidation of the Breslow intermediate to acyl azolium followed by annulation with dioxindole. However, the reaction using bisquinone, which is a well established two electron oxidant to transform the Breslow intermediate to acyl azolium, afforded no desired cycloadduct **3ea′** but isatin in 48% yield with 70% enal **1e** recovered ([Scheme 3](#sch3){ref-type="fig"}, reaction a). In addition, the reaction of bromoenal **6**, which is a reported precursor for acyl azolium, gave only a trace amount of cycloadduct **3ea′** ([Scheme 3](#sch3){ref-type="fig"}, reaction b). In addition, no oxidative cyclization product was observed when the reaction was carried out under N~2~ or an aerobic atmosphere in the absence of nitrobenzene as the oxidant.

When TEMPO, a radical-trapping reagent, was added to the reaction, only a trace amount of the corresponding product was observed. This result indicated that the radical intermediates were involved in the reaction. Several electron paramagnetic resonance (EPR) spectra were measured to identify the possible radical intermediates ([Scheme 4](#sch4){ref-type="fig"}). As expected, the reported radical intermediate from dioxindole was observed under our standard conditions but without the addition of enal ([Scheme 4](#sch4){ref-type="fig"}, spectrum a). Interestingly, a radical species was also observed when the enal was subjected to the standard conditions but without the addition of dioxindole ([Scheme 4](#sch4){ref-type="fig"}, spectrum b), which confirms the generation of the homoenolate radical from enal in the presence of NHC and nitrobenzene.^[@cit8],[@cit17]^ In addition, an essentially identical EPR signal was observed for the real reaction mixture ([Scheme 4](#sch4){ref-type="fig"}, spectrum c).

Based on the control experiments and EPR signals observed, we propose a radical/radical cross-coupling pathway for this NHC-catalyzed oxidative \[3 + 2\] annulation reaction of dioxindoles and enals ([Fig. 1](#fig1){ref-type="fig"}). Firstly, the addition of NHC to enals gives the corresponding Breslow intermediate **I**, which is partially oxidized to the radical cation intermediate **II** in the presence of nitrobenzene as the single electron oxidant.^[@cit8],[@cit17]^ In the meantime, the generated radical anion **III** could abstract a hydrogen from dioxindole **2** to give its enolate radical **IV**. The cross-coupling of the enolate radical **II** and the homoenolate radical **IV** affords adduct **V**, which is tautomerized to γ-hydroxy acylazolium **VI**. The lactonization of acyl azolium **VI** under basic conditions gives the final cycloadduct **3** and regenerates the NHC catalyst.

![Plausible catalytic cycle.](c6sc04135c-f1){#fig1}

Conclusions
===========

In summary, the NHC-catalyzed oxidative \[3 + 2\] annulation reaction of dioxindoles and enals was developed. Both challenging alkyl enals and aryl enals worked well to give the corresponding spirooxindole-γ-lactones in good yields with high to excellent diastereo- and enantioselectivities. Both radicals from enolate and homoenolate were observed by EPR spectra. The reaction represents an unprecedented catalytic oxidative cross coupling of homoenolate and enolate, which is highly interesting mechanistically and synthetically.
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